Plants have evolved specific photoreceptors that capture informational cues from sunlight. The phytochrome, cryptochrome, and UVR8 photoreceptors perceive red/far-red, blue/UV-A, and UV-B light, respectively, and control overlapping photomorphogenic responses important for plant growth and development. A major repressor of such photomorphogenic responses is the E3 ubiquitin ligase formed by CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF PHYA-105 (SPA) proteins, which acts by regulating the stability of photomorphogenesis-promoting transcription factors. The direct interaction of light-activated photoreceptors with the COP1/SPA complex represses its activity via nuclear exclusion of COP1, disruption of the COP1-SPA interaction, and/or SPA protein degradation. This process enables plants to integrate different light signals at the level of the COP1/SPA complex to enact appropriate photomorphogenic responses according to the light environment.
Introduction
As sessile organisms, plants adapt their development to the prevailing growth conditions. Sunlight is not only crucial as the ultimate source of energy fueling photosynthesis but it also provides important information about the environment, influencing plant growth and development throughout the life cycle [1] . For example, during deetiolation, plants switch from skotomorphogenesis (growth in darkness) to photomorphogenesis (growth in light). This transition is independent of the process of photosynthesis. Photomorphogenesis at the seedling stage is characterized by both changes in seedling morphology (incl. a short hypocotyl and open green cotyledons) and a vast reprogramming of gene expression that allow the plant to accommodate to a photosynthetic lifestyle. Other photomorphogenic responses include germination, phototropism, shade avoidance, leaf and rosette morphogenesis, chloroplast movement, and flowering transition [1] .
Photomorphogenic responses are initiated by several classes of photoreceptors, namely phytochromes (absorbing red/far-red; phyA to phyE in Arabidopsis), cryptochromes (blue/UV-A; cry1 and cry2), phototropins (blue/ UV-A; phot1 and phot2), Zeitlupe family members (blue/ UV-A; ztl, fkf1, and lkp2), and the UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVR8) [2] . Several photoreceptor mechanisms of action have been described [3] [4] [5] [6] [7] . For phototropins and Zeitlupe family members, light perception by the photoreceptor chromophore leads to a change in intrinsic serine/threonine kinase and E3 ubiquitin ligase activity, respectively [5, 6] . However, for phytochromes, cryptochromes, and UVR8, light perception primarily results in protein-protein interactions with key targets [3, 4, 7] . These key interaction partners include a number of transcription factors [8] [9] [10] [11] [12] as well as the COP1/SPA E3 ubiquitin ligase [13] [14] [15] [16] [17] [18] . In this review, we will describe the COP1/SPA complex and its activity in darkness, then present the latest findings on how the phytochrome, cryptochrome, and UVR8 photoreceptors interact with and regulate the COP1/SPA complex.
The COP1/SPA E3 ubiquitin ligase is a key repressor of light responses
The COP1/SPA E3 ubiquitin ligase is a crucial repressor of photomorphogenesis [19, 20] (Figure 1 ). In Arabidopsis, COP1 and SPA1-SPA4 encode WD40 repeat-containing proteins [21] . COP1 consists of an N-terminal Really Interesting New Gene (RING) domain, a central coiled-coil (CC) domain, and a C-terminal WD40 repeat domain, whereas SPA family proteins are composed of a kinase-like domain, a CC domain, and a WD40 repeat domain [22, 23] . Although COP1 shows E3 ubiquitin ligase activity in vitro [24, 25] , its in vivo activity depends on SPA accessory proteins [26, 27] . cop1 null mutants are seedling lethal, but weak cop1 alleles exist that are associated with strong photomorphogenesis even in complete darkness [28] . The four SPA proteins show some functional redundancy, thus a constitutive photomorphogenic phenotype is particularly evident in higher order mutants, such as the spa1234 quadruple mutant [26] (Figure 1a) . However, in contrast to cop1 null mutants, the spa1234 null mutant is viable, although with an extreme dwarf phenotype [27].
COP1 and SPA proteins directly interact and form tetrameric complexes composed of two COP1 and two SPA proteins, with the potential of all combinations of the four SPA proteins [29] [30] [31] . The COP1/SPA complex is thought to act as a substrate adaptor for CULLIN4-DAMAGED DNA BINDING PROTEIN 1 (CUL4-DDB1)-based E3 ubiquitin ligase complexes [32] . Indeed, both COP1 and SPA proteins contain a WDxR motif associated with DDB1 binding in their WD40 repeats [32] . COP1 homodimerization and COP1 interaction with SPA proteins are required for nuclear E3 ubiquitin ligase activity in vivo [26, 31, 33 ]. Although it is clear that the SPA proteins are required for COP1 activity in vivo, the function of SPA proteins in the COP1/SPA complex in darkness remains unknown [19] . Notwithstanding this, the COP1/SPA complex targets a broad range of photomorphogenesis-promoting transcription factors for ubiquitination and degradation through the 26S proteasome pathway [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] (Figure 1b) . Interestingly, several targets contain a conserved valine-proline (VP) containing domain that mediates direct binding with the COP1 WD40 domain [34, 35, 44, 45, 46 ]. By targeting a wide range of photomorphogenesis-promoting transcription factors, the COP1/SPA complex broadly regulates lightdependent developmental responses, including de-etiolation and photoperiodic flowering [19, 20, 47] .
It is of interest to note that COP1 is conserved between plants and animals, whereas SPA proteins are specific to the green lineage [48] . As the non-plant COP1 orthologs are not regulated by light [49] , it has been hypothesized that the evolution of SPA proteins was crucial for photoreceptormediated light control of COP1/SPA complex activity (see below) [48, 50 ] . However, it remains unknown how the in vivo E3 ligase activity of plant COP1 evolved to require the presence of SPA proteins. For a more comprehensive description of the various roles of the COP1/SPA complex and its regulation in darkness, we refer the reader to excellent recent reviews [19, 20, 47, 51] .
Several photoreceptors regulate activity of the COP1/SPA complex via different mechanisms Activity of the COP1/SPA complex is required for seedling etiolation in darkness, which is subsequently inhibited by action of the phytochrome, cryptochrome, and UVR8 photoreceptors in light [4, 19] (Figure 1b ). This inhibition leads to a release of the COP1/SPA complex repressive activity and thus activates photomorphogenic responses. Although the different photoreceptors similarly regulate activity of the COP1/SPA complex, there are clear distinct mechanisms. These regulatory mechanisms include nucleo-cytosolic partitioning, degradation of the accessory SPA proteins, and physical separation of COP1 from SPA proteins or of the COP1/SPA complex from CUL4-DDB1 (Figure 2 ).
Light-regulated nuclear exclusion of COP1
The regulation of COP1 sub-cellular localization was the first proposed mechanism of light-dependent control of COP1 activity [52] (Figure 2a ). In the dark, COP1 is predominantly present in the nucleus, where nuclear Light induces the phyA-dependent and COP1-dependent degradation of SPA2, leading to a decrease in COP1 E3 ligase activity. (c) cry1 and phyA/B interact light-specifically with SPA proteins. This interaction leads to physical separation of COP1 and SPA proteins, leading to a decrease in COP1/SPA E3 ligase activity. Cryptochromes and phytochromes also directly interact with COP1. Note that it is not known whether the COP1-SPA dissociation also disrupts the COP1-COP1 and SPA-SPA interactions. (d) cry2 interacts blue light-dependently with COP1 and SPA proteins, leading to an increase in COP1-SPA affinity but a decrease in E3 ligase activity, promoting flowering under long days. (e) UV-B-dependent interaction of UVR8 with COP1 induces a change in complex organization from a CUL4-DDB1-COP1/SPA complex that ubiquinates target substrates to a substrate-stabilizing UVR8-COP1/SPA complex. (f) fkf1 interacts with COP1 under blue light and inhibits COP1 homodimerization, whereas COP1-SPA heterodimerization is unaffected. This inactivates the COP1/SPA complex and promotes flowering. (a)-(f) HY5 and CO exemplify COP1/SPA substrates promoting seedling photomorphogenesis and flowering, respectively. transcription factors are targeted for ubiquitination. Light induces COP1 relocation to the cytosol, separating it from its nuclear substrates [20, 52] . It was proposed that COP1 relocation was relatively slow (12-24 h) based on studies with GUS-COP1 fusions [52] . However, this view was recently challenged by the observation that a YFP-COP1 fusion was able to relocate much faster (2.5 h half-life), suggesting this mechanism could possibly contribute to the rather rapid stabilization of COP1 targets under light [53, 54] . Conversely, shade promotes the re-accumulation of COP1 in the nucleus to exert its photomorphogenesisrepressing activity [55] .
COP1 nuclear localization is dependent on a bipartite nuclear localization signal in the region between the CC and WD40 domains [56, 57] , and SPA proteins are not required for nuclear localization of COP1 in darkness [50 ] . Cytosolic localization of COP1 in response to light involves a cytosolic localization signal in the CC domain [56, 57] . Phytochrome and cryptochrome photoreceptors mediate COP1 nuclear exclusion [58,59]; however, how exactly photoreceptor signaling regulates COP1 sub-cellular localization remains unknown. Interestingly, the interplay between different photoreceptors is complex, as is evident when COP1 nuclear exclusion is analyzed under monochromatic conditions. For example, whereas phyAmediated nuclear exclusion of COP1 under far-red light is dependent on SPA proteins, this response is SPA independent under blue light downstream of cry1 [50 ] . Moreover, phyB and red light were found to be less potent in inducing COP1 nuclear exclusion [50 ] . Notwithstanding the exact contribution of individual photoreceptors, SPA proteins are necessary for COP1 nucleo-cytosolic partitioning in response to white light [50 ] . However, it is clear that nuclear COP1 is inactive in the absence of SPA proteins, both in light as well as in darkness [26, 27] . Thus, SPA proteins play a dual role in that they are required for COP1 function and also enable COP1 light-responsiveness. However, it is presently not known whether SPA proteins show light-dependent nucleo-cytosolic partitioning themselves, or whether only COP1 is affected.
Interestingly, supplemental UV-B counteracts the nuclear exclusion of COP1 in white light and causes nuclear COP1 accumulation [60], although it is not known whether UV-B affects COP1 nuclear-cytosolic shuttling per se. The finding that nuclear COP1 accumulation under UV-B is associated with elevated COP1 levels [60, 61] suggests that UVR8 may not affect COP1 sub-cellular localization but may cause inhibition of COP1 autoubiquitination and thus affect nuclear accumulation indirectly.
Photoreceptor-mediated regulation of COP1 and SPA protein levels
Given that SPA proteins are required for COP1/SPA complex activity, targeted destabilization of SPA proteins is also a mechanism to control activity of the complex.
Indeed, SPA2, and to a lesser extent SPA1, show lightinduced, phyA-dependent, and proteasome-mediated degradation [62, 63] (Figure 2b ). The N-terminal kinaselike domain of SPA2 confers instability to the protein under light [64 ] . Interestingly, the photoreceptor-induced degradation of SPA2 seems dependent on COP1 activity, suggesting cross-regulation of stability among COP1/SPA complex components [29] . In contrast, the COP1 protein is stabilized and accumulates in the nucleus after UV-B exposure in a UVR8-dependent manner, and this is accompanied by increased transcription of COP1 under UV-B [60, 61, 65] . However, increased nuclear accumulation of COP1 under UV-B is accompanied by increased rather than decreased ELONGATED HYPOCOTYL 5 (HY5) stability, emphasizing that the COP1/SPA complex is efficiently inactivated by UV-B-activated UVR8 [13, 60] .
Photoreceptor-mediated regulation of the COP1-SPA interaction
Alongside the physical separation of COP1 from substrates, photoreceptor-mediated disruption of the crucial COP1-SPA interaction inactivates COP1/SPA ubiquitin ligase activity and results in stabilization of photomorphogenesis-promoting transcription factors (Figure 2c ). This mechanism contributes to both cryptochrome and phytochrome signaling.
Indeed, blue light-dependent interaction of cry1 and cry2 with SPA proteins regulates the activity of the COP1/SPA complex [16] [17] [18] 66] . The cry1 C-terminal CCT domain interacts with the SPA1 C-terminal region specifically under blue light [16, 17] . Mechanistically, the blue lightdependent cry1-SPA1 interaction leads to a reduced SPA1 binding to COP1, thereby inactivating the COP1/SPA ubiquitin ligase and stabilizing, for example, the HY5 transcription factor to promote photomorphogenesis [16, 17] . For the blue light-dependent interaction between cry2 and SPA1, it is the N-terminal PHR domain of cry2 that interacts with the N-terminal domain of SPA1 [18, 67] , which conversely causes the COP1-SPA1 interaction to be strengthened rather than dissociated. Nevertheless, cry2 interaction with the COP1/SPA complex increases the stability of the COP1/SPA complex target CONSTANS (CO) that is involved in the regulation of photoperiodic flowering under long days [18] (Figure 2d) . Next to the effect of light-dependent interactions with SPA proteins, cry1 and cry2 C-terminal domains also interact directly with COP1 [68, 69] . Whereas the cry1-COP1 interaction is dependent on SPA proteins, the cry2-COP1 interaction is not, and both appear to be blue-light dependent [70 ] . The direct interaction of the cryptochromes with COP1 may indeed further contribute to the light-mediated effect on the COP1-SPA interaction and thereby COP1/SPA complex activity.
Similar to cryptochromes, the light-activated phytochromes phyA and phyB interact with SPA proteins [14, 15] . The phytochromes inhibit COP1/SPA complex activity by disrupting the interaction between COP1 and SPA proteins, thereby reorganizing the COP1/SPA complex [14, 15] , analogous to the cry1 mechanism of action [16, 17, 66] . Moreover, direct interaction of the phytochromes with COP1 may contribute to the regulation of COP1/SPA complex activity [15, 71, 72] .
UVR8-mediated inhibition of COP1, independent of SPA proteins
The UVR8 photoreceptor was shown to directly interact with the WD40 repeat domain of COP1 in a UV-Bdependent manner [13, 65, [73] [74] [75] 76 ]. In contrast to phytochromes and cryptochromes, UVR8 does not interact with SPA proteins and UVR8 early signaling is not impaired in spa1234 quadruple mutants [60, 65] . Indeed, although UV-B-activated UVR8 interacts directly with COP1, it is only associated with SPA1 indirectly through COP1 [65] . Moreover, the COP1-SPA interaction remains intact upon interaction with UVR8 [65, 73] .
Two separate domains of UVR8 are involved in the interaction with COP1, namely a domain of maximum 27 amino acids (C27) in the UVR8 C-terminus and the UVR8 b-propeller core [77, 78] . The two COP1 interaction surfaces are not accessible in the inactive UVR8 homodimer but are exposed in monomeric, active UVR8 that forms upon UV-B perception [75, 77] . Interaction of COP1 with the b-propeller domain of UVR8 allows UV-B-dependent UVR8-COP1 interaction, whereas the C-terminal UVR8 domain is thought to affect COP1 activity [77] . Interestingly, the C27 domain of UVR8 comprises a functional and conserved VP-containing motif [77] that mimics the COP1-interaction domains of several COP1 substrate proteins [34, 35, 44, 45, 46 ]. Thus, competition between the UVR8 VP interaction motif and that of COP1 targets may prevent ubiquitination and degradation of the latter through the 26S proteasome pathway and underlie how UVR8 inactivates the COP1/SPA complex [4, 13, 77] . It is of note that UVR8 stability is not affected by its interaction with COP1 [13, 79] . UVR8 binding to COP1 also induces physical and functional dissociation of the COP1/SPA complex core from the HY5-degrading CUL4-DDB1-COP1/SPA E3 ligase complex, thus inactivating the COP1/SPA E3 ligase and creating a UVR8-COP1/SPA complex which may actively promote HY5 stabilization through an unknown mechanism [51, 73] (Figure 2e ).
Other light-mediated changes in COP1/SPA complex activity Recently, several post-translational mechanisms have been reported that regulate activity of the COP1/SPA complex. COP1/SPA complex activity is enhanced by COP1 sumoylation in darkness. Light is proposed to negatively regulate COP1 sumoylation; however, this response is yet to be linked to a specific photoreceptor [80 ] . Moreover, COP1 is regulated via phosphorylation by the PINOID kinase; however, the mechanistic link between photoreceptor signaling and COP1 phosphorylation remains to be identified [81 ] . Alongside posttranslational modifications, COP1 activity is also regulated by interaction with PHYTOCHROME INTER-ACTING FACTOR 1 (PIF1), which enhances activity of the COP1/SPA complex in darkness [82] . PIF1 is destabilized in light in a phytochrome-dependent process and COP1/SPA complex-dependent process, which potentially contributes to inactivation of the COP1/SPA complex in light [83] . Degradation of the PIF1 co-factor is reminiscent of the previously discussed COP1-dependent degradation of SPA2.
A very recent study has implied that fkf1 photoreceptordependent control of flowering time involves inactivation of the COP1/SPA complex [33 ] . fkf1 interacts with the RING domain of COP1, and this interaction inhibits COP1 dimerization, whereas COP1-SPA1 heterodimerization remains unaffected [33 ] (Figure 2f ). Whether this inhibition of COP1 dimerization following fkf1 interaction is unique or represents a more general mechanism of COP1 regulation remains to be determined.
Feedback regulation of photoreceptors by the COP1/SPA complex
The COP1/SPA complex may also provide feedback regulation of photoreceptor activities, and indeed has been implicated in the regulation of cryptochrome and phytochrome levels [71, 84, 85] . On the other hand, UVR8 directly interacts with COP1 but there is no indication that this interaction leads to UVR8 destabilization [13] . Interestingly, however, COP1 is required for the UV-Binduced nuclear accumulation of UVR8, providing an additional mechanism for COP1 photoreceptor signaling feedback regulation [86, 87] .
Conclusions and future directions
Several mechanisms have been proposed to collectively explain the light-dependent, photoreceptor-mediated regulation of COP1/SPA E3 ligase activity. Firstly, nuclear exclusion of COP1 under light was identified. However, it remains unclear how the different photoreceptors are mechanistically involved, and whether this process is fast enough to account for the light-induced stabilization of COP1 substrates resulting in early gene expression changes. Secondly, light-induced separation of COP1 from its crucial accessory SPA proteins seems to be a common mechanism for phytochrome and cryptochrome signaling [14, 15, 66] . However, the role that SPA proteins play and how photoreceptor-mediated separation impairs the overall COP1/SPA complex remains unclear. Thirdly, as for UVR8, it has been suggested that dissociation of the CUL4-DDB1 scaffold from the COP1/ SPA complex prevents ubiquitination of and therefore stabilizes HY5 [13, 65, 73] . How the UVR8-COP1/SPA interaction results in the proposed functional switch of COP1 from repressor to promoter of HY5 stability remains to be investigated. SPA proteins do not seem to play a decisive role in this process [65, 73] . Lastly, lightinduced destabilization of accessory proteins, such as SPA2 or PIF1, can account for a decrease in COP1/ SPA complex activity [62, 63, 82] . It is presently unknown if and how the mechanisms of COP1/SPA regulation through photoreceptors interact, and what the relative contributions of these mechanisms are in the stabilization of different COP1/SPA substrates.
The COP1/SPA complex has likely arisen early in the evolution of the green lineage as a point of convergence through which photoreceptors can control photomorphogenesis in line with the surrounding light environment. Future research should focus on understanding the precise composition, localization, stability, and E3 ligase activity of the COP1/SPA complex in the presence of different photoreceptors and different light qualities. This should further reveal the common and specific mechanisms through which photoreceptors control COP1/SPA complex activity and thereby photomorphogenic development. 
